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Abstract 
One-dimensional nanostructures such as nanowires and nanotubes are stimulating 
tremendous interest due to their structural, electronic and magnetic properties. In this study, the 
first principle calculation was performed to investigate on the size effect on the electronic, 
mechanic and piezoelectric properties of hexagonal-BN nanotube (BNNT). It demonstrates that 
the nanotube diameter can modulate the direct bandgap significantly of the zigzag-BNNT, 
increasing from 3.96eV to 4.44eV with the larger diameter from 10 to 16 unit cells in circular 
direction. Both armchair and zigzag BNNT exhibit large elastic modulus, implying promising 
applications in nanoscale surface engineering, tribology and nanomanufacturing/nanofabrication. 
Outstanding piezoelectricity is also observed with large piezoelectric coefficient of 0.084C/m2 for 
10-zigazag-BNNT and 0.13 C/m2 for 16-zigzag-BNNT, exhibiting excellent potential in producing 
mechao-electric power generators. 
 
I. INTRODUCTION 
 The piezoelectric properties of low dimensional materials, such as layers, nanotubes and 
nanowires of ZnO, GaN, and MoS2, have been studied for potential applications including sensors, 
transducers, electronics and optoelectronics1-4. In two-dimensional (2D) layered materials 
including hexagonal boron nitride (h-BN) and transition metal dichalcogenides (TMDCs), the 
orientation of the crystal structure along the transport direction is critical for piezo-electronic 
applications5-8 including muscle dynamics and arterial repetition regulators.1,9 This crystal 
orientation-dominated piezoelectricity profoundly restricts the application of 2D materials in 
piezoelectric converters and sensors10. The piezoelectric properties of nanowires of phosphorus, 
ZnO, GaN, and BN, have been studied for potential applications including sensors, transducers, 
and electronics.11-13  Also, power generators based on piezoelectric nanostructures have been 
introduced.14,15 The piezoelectric conversion efficiency of one-dimensional (1D) ZnO nanowires 
(NWs) was reported from 17% to 30%.2 However, the directional alignment difficulty of 1D ZnO 
NWs is a drawback of applications in nano electromechanical system (NEMS).16,17 
One-dimensional nanostructures such as nanowires and nanotubes are stimulating 
tremendous research interest due to their structural, electronic and magnetic properties.18,19 
Hexagonal-Boron Nitride nanotubes (h-BNNTs) have been predicted by theoretical calculations 
and first synthesized experimentally using plasma-induced arc discharge technique.20,21 BNNT 
possesses high mechanical, thermal and chemical stability in addition to the strong resistance 
towards oxidation.22,23 
In complete analogy to carbon nanotubes (CNT) which are quasi-one dimensional 
nanomaterials exhibiting unique structural based electronic properties depending on the nanotube 
diameter and chirality,24,25 boron nitride nanotubes (BNNTs) are wide band gap semiconductors 
(band gap of 3.5–5.5 eV) the electronic property of which is independent of the nanotube diameter 
and helicity and wall number.26 Also, the intrinsic polarized dipoles endow itself with the large 
piezoelectricity, indicating promising applications in nanoscale mechano-electric power 
generator.27,28 This study explicitly explored the size effect on the electronic, mechanic and 
piezoelectric properties by first principle calculations. It demonstrates that the nanotube diameter 
can affect the bandgap significantly of the zigzag-BNNT. Both armchair and zigzag BNNT exhibit 
large elastic modulus, implying a promising application in body armor and helmet. Outstanding 
piezoelectric property is observed for zigzag-BNNT.  This combined with their exceptional 
strength will allow creation of nontoxic lightweight piezoelectric systems with better response and 
mechanical properties than conventional piezoelectric polymers. 
Figure 1. Schematic of BN nanotube in two categories: a) Zigzag-BNNT; b) Armchair-BNNT. 
The blue ball denotes Nitriogen while pink one denotes the Boron atom. 
 
(b) (a) 
II. METHODOLOGY  
In this study, first principle calculations were carried out by using the Virtual Nanolab 
Atomistix ToolKit (ATK) package with the density functional theory (DFT).29 The localized 
density approximation (LDA) exchange correlation with a double zeta polarized (DZP) basis was 
used with a mesh cut-off energy of 150 Ry.30 The electronic temperature was all set to 300 K. All 
atomic positions and lattice parameters were optimized by using the generalized gradient 
approximations (GGA) with the maximum Hellmann Feynman forces of 0.05 eV/Å, which is 
sufficient to obtain relaxed structures.31 The Pulay-mixer algorithm was employed as iteration 
control parameter with tolerance value of 105.32 The maximum number of fully self-consistent 
field (SCF) iteration steps was set to 100.30 
Single-walled BNNT can be classified as zigzag nanotubes (ZBNNT) and armchair 
courterpart (ABNNT) based on their chiral vectors, as shown in Figure 1. Na-BNNT indicates the 
nanotube size: the nanotube is rolled up by Na times of unit cells in zigzag direction. Na was 
selected from 10 to 16 to investigate the size effect on the electronic properties of APNTs. The 
simple orthorhombic box in 60 Å × 60 Å × Lc size was employed as the sampled region in our 
investigation, where Lc is the lattice parameter along the transport direction. Periodical boundary 
conditions have been applied for the sampled region in simple orthorhombic lattice, which contains 
Na unit cells.33 Each unit cell, which also serves as the primitive cell of two dimensional (2D) 
single layer Boron Nitride, composes of a pair of Boron and Nitrogen. A separation of 60 Å for 
the adjacent nanotubes was employed to minimize the mirroring interaction. We used 1 × 1 × 11 
Monkhorst-Pack k-grid mesh on our 1D structures.34 The self-consistent field calculations were 
checked strictly to guarantee fully converging within the iteration steps. 
III. RESULTS AND DISCUSSION 
-4
-2
0
2
4
ZΓ
E
n
er
g
y
 (
eV
)
(a) (b)
ZΓ (0,0,0.333)  
Figure 2. The comparison of bandstructure of a) 10-ZBNNT; b) 10-ABNNT 
The bandstructure of 10-ZBNNT and 10-ABNNT are demonstrated in Figure 2(a) and (b), 
respectively. Both structure exhibit the direction bandgap, where the direct bandgap transition 
occurs at distinct position in the Brillouin Zone. ZBNNT has conduction band minimum (CBM) 
and valence band maximum (VBM) located at Γ-point but those of BNNT are located at (0, 0, 
0.333). The bandgap of 10-ZBNNT and 10-ABNNT are 3.96 eV and 4.66 eV, respectively. As the 
size effect manifest more significantly in ZBNNT than the armchair counterpart, the investigated 
diameter of ZBNNT was extended to 32, indicating a direct bandgap of 4.73eV and 5.03eV for 
24-ZBNNT and 32-ZBNNT, respectively. The bandgap transition remains the same position in 
Brillouin Zone with the enlarged nanotube diameter. Our study demonstrates direct bandgap ～
4.0eV, which exhibits the plenty of applications in light emitting diode (LED) and photodector 
effective at near ultraviolet region (UV).  
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Figure 3. The comparison of bandstructure of a) Zigzag-BNNT; b) Armchair-BNNT with various 
tube diameters. The diameter index denotes the number of unit cells in rolling up direction. 
 
In addition, the size of BNNTs can profoundly affect the bandgap, which is demonstrated 
in Figure 3. ZBNNT exhibits more significant change resulted from the enlarged diameter in 
comparison with ABNNT. They all demonstrate the direct bandgap with various nanotube 
diameter. ZBNNT exhibits both CBM and VBM remaining at Γ-point while those are keeping 
their position at (0, 0, 0.333) for ABNNT. The bandgap monotonically increases from 3.96eV to 
4.44eV with the larger diameter from 10- to 16-ZBNNT. However, ABNNT demonstrates slightly 
and continuously reduced bandgap with the larger diameter. Our study indicates that size effect 
can play more import role in bandgap modulation on ZBNNT than ABNNT.  
The carrier effective mass plays an important role in the electron and hole transport in the 
axial transport direction. It is related to the energy band curvature, which possesses the mathematic 
expression: m* =  ћ2/(∂2Etotal/∂K2) , where ћ  is the reduced Planck constant, E is the total energy, 
and k is momentum. Ec and Ev are corresponding to the electron (me) and hole effective mass (mh), 
respectively. Figure 4(a) and (b) demonstrate the calculated carrier effective mass of ZBNNT and 
ABNNT, respectively. The hole effective mass is larger than electron effective mass, indicating a 
smaller transport velocity along the transport direction. The hole effective mass of ZBNNT 
exhibits the strong fluctuation with increasing nanotube diameter, while in all other cases the 
various diameter slightly affect the carrier effective mass. 
10 12 14 16
0.0
0.3
0.6
0.9
E
ff
ec
ti
v
e 
M
as
s 
(m
0
)
Diameter
 me
 mh
10 12 14 16
0.60
0.75
0.90
 me
 mh
(b)(a)
Diameter  
Figure 4. Carrier effective mass vs. diameter for a) Zigzag- and b) Armchair-BNNT with various 
nanotube diameters. 
 
The mechanical properties of APNTs with various diameters were studied. As discussed 
above, the structure is fully relaxed when the lattice parameter Lc=4.34Å and 2.51Å  for ZBNNT 
and ABNNT, respectively, where the system obtain its minimum energy level. For a 1D crystal, 
the elastic modulus (stiffness) C = (∂2Etotal/∂ε2)/Lc, where ε denotes the strain strength along the 
axial direction with the mathematic expression: ε=(L-Lc)/Lc. L represents the lattice parameter 
along the axial direction of the strained structure. The total energy vs. strain relation was fitted 
with a quadratic parabolic curve: E= Aε2. Figure 5 demonstrates the evolution of the elastic 
modulus with the nanotube diameter for both ZBNNT and ABNNT. It increased monotonically 
and almost linearly with the increasing diameter. ABNNT has a larger elastic modulus than 
ZBNNT. It should be noteworthy that the elastic modulus of armchair-BNNT is much larger than 
that of single walled phosphorene nanotube (PNT) (300-550eV/Å).13 This study demonstrates a 
strong mechanic strength of BNNT, implying promising implications in nanoscale surface 
engineering, tribology and nanomanufacturing/nanofabrication. 
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Figure 5. Elastic modulus of a) Zigzag-BNNT and b) Armchair-BNNT with various nanotube 
diameters. 
 
The polarization of piezoelectric property was further investigated. The spontaneous 
polarization, which denotes the electric field that the substance possesses in the absence of the 
external electric field, vs. the nanotube diameter is demonstrated in Figure 6(a). ZBNNT exhibits 
the piezoelectric property due to the broken inversion symmetry while the absence of the 
piezoelectricity is observed in ABNNT. As shown the spontaneous polarization significantly 
decreases with the larger diameter of ZBNNT. The piezoelectricity increases monotonically and 
linearly with the larger nanotube size. The size dependent piezoelectricity of BNNTs endows itself 
as promising applications in nanoscale mechano-electric power generators and piezoelectric 
sensors. 
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Figure 6. a) Spontaneous polarization vs. Zigzag-BNNT diameter b) Piezoelectric coefficient vs. 
Zigzag-BNNT diameter 
 
IV. Conclusion 
The electronic, mechanic and piezoelectric properties of Boron Nitride nanotube were 
investigated using the first-principle calculations of the density functional theory (DFT). Our study 
demonstrates that the nanotube diameter can affect the bandgap significantly of the zigzag-BNNT. 
Both armchair and zigzag BNNT exhibit large elastic modulus, implying a promising application 
in nanoscale surface engineering, tribology and nanomanufacturing/nanofabrication. The military 
applications, such as in body armor and helmet, are also promisingly expected. Outstanding 
piezoelectric and electrostrictive properties are observed for zigzag-BNNT.  This combined with 
their exceptional strength will allow creation of nontoxic lightweight piezoelectric systems with 
better response and mechanical properties than conventional piezoelectric polymers. 
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